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TECHNICAL FIELD 

5 This invention relates generally to medical diagnostic and therapeutic 

procedures and devices, and more particularly, to an ultrasound method and apparatus that 
combines diagnostic ultrasound with therapeutic ultrasound that enhances thrombolysis. 

BACKGROUND OF THE INVENTION 

Thrombosis in the cardiovascular system, particularly of the arteries, veins and 
heart, causes many ailments, for example, stroke, heart attacks, claudication, deep vein 
thrombosis, and pulmonary embolism. In particular, stroke clearly compromises quality of life 
for its victims and for society at large. In economic terms, the total cost of stroke reaches 
billions of dollars each year. Direct costs include costs associated with hospital and nursing 
1 5 home stays, treatment by physicians and health professionals, drugs, and home health costs and 
other medical durables. Indirect costs include costs resulting from lost productivity due to 
morbidity and lost productivity due to mortality. 1995 data for Americans age 40 and older 
showed the average in-hospital and physician costs were $11,010 for a stroke and $4,940 for 

trans-ischemic attack (TIA). 

20 Technological advances in the last 60 years to understand and prevent strokes have 

included angiography, association of carotid disease with cerebral infarcts, carotid endarterectomy 
surgery, prosthetic heart valves, Doppler ultrasound as a diagnostic modality, use of aspirin to 
prevent clotting, computed tomography (CT) scanning for differential diagnosis, transcranial 
Doppler (TCD), and stents for treating arterial lesions. None of the many major advances prior to 

25 1995 were in the realm of direct therapy for stroke at its initiation-it was not until 1995 that 
techniques involving the administration of thrombolytic agents such as tissue plasminogen 
activators (t-PA) were shown effective in reducing neurologic damage. 
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There are two common types of stroke. Embolic occlusion generally accounts for 
80% of all strokes, and its treatment is grossly different than that for intracerebral hemorrhage 
(ICH). The origins of embolic stroke are broadly divided into several categories: thrombus 
dislodged from a variety of sources including ulcerated carotid or aortic plaque, thrombus of 
5 cardiac origin, and thrombus of paradoxical origin from the venous system. 

Initial diagnosis of stroke requires radiologic imaging techniques, such as CT or 
magnetic resonance imaging (MRI), to differentiate between embolic and ICH stroke and to 
determine the volume of tissue which has had ischemic injury. Generally, a stroke patient is a 
candidate for thrombolytic therapy if ICH is ruled out, and CT or MRI determines that 
10 ischemic changes do not exceed a third of the middle cerebral artery (MCA) territory, blood 
pressure is normal or controllable, and the diagnosis is made within three hours of onset. 
Widespread adoption of t-PA therapy under these circumstances has not occurred, however, 
because hospitals in the United States do not emphasize urgent treatment of stroke patients, 
and public awareness of the urgent need for medical intervention in stroke is not high. 
15 Additionally, there is a shying away from t-PA therapy due to a ten-fold increased risk of ICH, 
even though this risk is not associated with an overall increase in mortality. All told, only 
approximately 2% of those stroke patients eligible for t-PA therapy receive it. 

Although ultrasound has been available as a diagnostic modality to assess 
cerebral hemodynamics, and although research in recent years has shown that ultrasound as a 
20 therapeutic modality for non-transcranial applications can enhance clot lysis when used in the 
presence of t-PA, it is not standard practice to use ultrasound to monitor cerebral blood flow 
during the early stages of stroke or to use ultrasound to treat stroke victims. One reason for the 
lack of use is due to the high skill level required to acquire and interpret TCD signals using 
equipment presently on the market and in clinical use. This skill level is not generally 
25 available in hospital emergency rooms. There is also a lack of appreciation for TCD 
capabilities in triage and monitoring. For example, the use of ultrasound monitoring to 
determine the point in time at which thrombolytic therapy re-establishes perfusion (e.*., blood 
flow through a vessel) is not fully appreciated. 

Another reason for the lack of use of ultrasound is that existing instruments 
30 cannot conveniently transmit both diagnostic/monitoring and therapeutic ultrasound. 
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Ultrasound is widespread for diagnosis of these illnesses associated with thrombosis, and a 
device which performs this diagnostic and the new therapeutic modalities would be of cluneal 
use That is, standard ultrasound instruments are designed solely for transmission of 
diagnostic/monitoring ultrasound at a given frequency range and cannot be easily switched to 
5 therapeutic applications that may require drastically different frequency ranges, lengths of txme 
of application, beam profiles/coverage, or power levels. Accordingly, not only is there is a 
need for an ultrasound instrument that can be operated by emergency room personnel and that 
presents easily-interpreted diagnostic blood flow information, but also there is a need for an 
ultrasound instrument that can be concurrently used to therapeutically treat stroke patients (as 
10 well as individuals suffering other types of thrombosis). 

SUMMARY OF THE INVENTION 

A method of simultaneously treating and monitoring a patient suffering from 
thrombosis according to one aspect of the invention includes positioning a single ultrasound 
probe proximate a body surface of the patient and administering pulsed ultrasound from the 
15 single probe to the patient at a first frequency for a first period of time during a diagnostic 
mode The method also includes, during a therapeutic mode, administering ultrasound from 
the single probe to the patient at a second frequency for a second period of time greater than 
the first period of time to enhance a thrombolytic action of a thrombolytic agent. The method 
also allows for simultaneous application of diagnostic and therapeutic ultrasound, provided the 
20 diagnostic receiver can differentiate diagnostic from therapeutic ultrasound echoes. 

A method of treating a patient suffering from thrombosis with ultrasound 
according to another aspect of the invention includes selecting a region on a body surface of 
the patient and defining a plurality of areas within the region. The method includes 
administering the pulsed ultrasound from a single ultrasound probe to a first one of the areas 
25 during a diagnostic mode and evaluating a window through that first area. If the wmdow 
through the first area is not an optimum window, the method further includes relocating the 
single ultrasound probe and administering the pulsed ultrasound to a second one of the areas in 
the diagnostic mode and evaluating a window through the second area, with at least a portion 
of the second area including at least a portion of the first area. The method then repeats 
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administering the pulsed ultrasound to another area in the diagnostie mode tf pnor areas 
administered with pulsed ultrasound do not substantially include the optimum wtndow, unttl an 
area having substantially the optimum window is located, and men administers me utaasound 
in the therapeutic mode ftom the single ultrasound probe through the area having subsfcnttaUy 

5 the optimum window. 

Still another aspect of the invention provides an apparatus to treat a pahent 
suffering from thrombosis with ultrasound by enhancing a thrombolytic action of a 
thrombolytic agent. The apparatits comprises a single umasound probe structured to rransmt. 
puUed or continuous-wave ultrasound bom in a therapeutic mode and pulsed ultrasound m a 
,0 diagnostie mode, the u.trasound having a characteristic in the therapeutic mode ma, is different 
ftom a characteristic of tine pulsed ultiasound in the diagnostic mode. A controller is structured 
,o switch tire single uhrasound probe between the diagnostic and therapeutic modes and to 
precis ultrasound Doppler signals returned by tire single ultrasound probe dunng tire 
diagnostic mode. A graphics, display is responsive ,o the co.fto.ler and coup.ed to the stngte 
.5 ultrasound probe. The graphical display has a blood locator display structured ,o deptc, a 
ptarahty of locations along an ultrasound beam axis a, which blood tiow is detected. The 
b,ood .ocator dispiay is responsive ,o tire controller to depict the plurality of locations dunng 
the diagnostic mode based on the Doppler signals. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is an isometric view of an embodiment of an apparatus and method that 
combines diagnostic ultrasound with therapeutic ulhasound according to tire principles of tire 
present invention. 

Figure 2 is a diagram showing a first embodiment of an ultrasound probe used 

in the apparatus of Figure 1. , 

Figure 3 is a diagram of a second embodiment of an ultrasound probe that may 

be used in the apparatus of Figure 1 . 

Figure 4 is a graphical diagram depicting a Doppler ultrasound system display 

mode in accordance with an embodiment of the invention. 
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Figure 5 is a graphical diagram depicting an alternative embodiment of a 
Doppler ultrasound system display mode in accordance with an embodiment of the invention. 
Figure 6 is an anatomical schematic of a cranial region of a patient. 
Figure 7 is a functional block diagram depicting a Doppler ultrasound system in 

5 accordance with an embodiment of the invention. 

Figure 8 is a functional block diagram depicting particular details of pulse 
Doppler signal processing circuitry included in the Doppler ultrasound system of Figure 9. 

Figure 9 is a schematic diagram of a third embodiment of an ultrasound probe 

used in the apparatus of Figure 1 . 
10 Figur e 10 is a schematic diagram of a fourth embodiment of an ultrasound 

probe used in the apparatus of Figure 1. 

In the drawings, like reference numbers refer to similar elements or steps. 

DETAILED DESCRIPTION OF THE ILLUSTRATED EMBODIMENTS 

Embodiments of the present invention provide a Doppler ultrasound method and 
15 device that monitors cerebral blood flow velocity and concurrently enhances the lysing effect 
of thrombolytic agents, such as t-PA or urokinase. These embodiments are particularly useful 
in connection with hospital emergency services. With respect to transcranial apphcations, 
embodiments of the invention provide a TCD modality that exists for real-time detection of 
cerebral blood flow during the early stages of stroke. While embodiments of the invention are 
20 generally described herein in the context of transcranial applications, the invention » not 
limited to this particular application. It will be appreciated that some or all of the pnnoples of 
the present invention can be applied to cardiac and other components of the cardiovascular 
system, such as the heart, pulmonary artery and the deep veins of the legs, of a patient affected 
by thrombosis. 

25 certain details are set forth to provide a sufficient understanding of the 

invention. However, it will be clear to one skilled in the art that the invention may be practiced 
without these particular details. In other instances, well-known circuits, control signals, timing 
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pr o,oco,s, and software operations have no, been shown or deseribed in detai. in order to avoid 
unnecessarily obscuring the invention. 

Treatment of a Patient 

Referring firs, to Figure 1, a method and/or apparanrs 100 in aceordanee with an 
5 embodiment of me presen, invention for combining diagnostic uttrasound with merapenhc 
uittasound is shown. A vial 110 having a unombolytic agen, (such as ,-PA, recombinant .-PA 
or rt-PA, TNK t-PA, urokinase, or streptokinase) is administered to a patien, via a valve 112 
ana a catheter 114. The catheter 114 injects, introduces, or delivers the thrombolytic agent to a 
vesse! 116 within a body 1 18 of the patient. Although me thrombolytic agent is shown m 
10 Figure 1 as being introduced into the body .18 via a catheter 114, it is to be appreciated mat 
the thrombolytic agen, can be injected pmximate a mrombosis in any conventional manner 
including, for example, via hypodennic needles, while me uhrcsound is delivered to the st«e of 
the thrombus. 

As illusttated in Figure 1, the vessel 116 carries the thrombolyhc agen, ,o a 
15 thrombosis ,22 loealed in me cranial region ,21, such as when tite patien, has suffered a 
sttoke in alterative apphcations of the method and apparatus 100, me ca,he,er ,14 can be 
positioned within me body 118 such ma, the vessel 116 canies «he ttuombolytic agen, near a 
cardiac region 120 in otoer ,o «rea, a thrombosis loca,ed in me cardiac re^on. Simtlarly, «he 
taombolytic agen, may adminis,ered ,o a leg region 123 of «he body 118 in order to trea, 
20 thrombosis in tite deep veins of die leg. 

Following the administration of a thrombolytic agen, into tite body 1 18, an 
nhrasound probe ,28 is positioned proximate «o a region of me body 1 18 of me patien, where 
the tinombosis is pre^nt For example, Figure 1 shows me probe ,28 positioned near tite 
cardiac region 120 in order to radiate a thrombosis in tha, respective region, such 
25 hear, or pulmonary artety. The probe 128 may be alternatively positioned near me leg regton 
nSofntebodyllSinotoerloradiateaunombosisinmatregion. Figure , further illustrates 
.he probe ,28 positioned near me cranial region 121. In a particular embodiment dunng 
„u al administration of uftrasound to me patien,, a head frame 124 is fitted over tite 
cranial region 121 of the patient The head ftame 124 includes a mounting attachmen, 
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a . nr «mhe 128 in place. As mentioned previously, 
structured to hold an ultrasound transducer or probe 128 in pia 

r LI,,* agent ™> also be administered - - — I- «• - - 

The probe 128 includes a tip 130 that allows ui 
5 ^sculaneously or uansdennauy through a body surface ,36. Specific sectoral detatls £ 
ILd opelg feaurres of fire probe .28 will be described in fiuther deta., betow. «. 
Te 28 is coupled to a driver ,34, which can have an adjust power output ran^g front 
t Iwafis o a few watis. Tbe driver ,34 and the prohe ,28 ruay he operated such fi* 

ultrasound ^ , % t0 go% duty cycles, for example). Embodiments of fire 

10 various duty cycles (e.g., at 3/. , continuous wave 

invention provide pulsed or continuous wave dtagnosfc and pulsed 
Z^ntic uhrasoi. Pulsed diagnostic and pu,sed tberapeutie u.tiusound are dtscussodm 

15 r^ti^thll "terea, .is dtagnostic advantage of puUed uluasound is 

" ""Lough Ptgure 1 shows fita, the duombolytic agent is externa,* administer 
• , .10 it is also possible to practice embodiments of fire invention wuhout 

20 ^1::: — ageu, -- — ^ 

M .he human body eonlains natoral.y oecumng thrombolytic agen«s » body 
I Lunation of namrally occurring thrombolytic agents is less fit. a — 
w „ u ,d be obtained if an external fiuombo.ytic agent is applied, embodunents o f * , »- 
invention can stil, use therapeutic ultrasound to enhance fire thrombose action 
25 naturally occurring thrombolytic agents. 

Ultrasound Probe and Corresponding Ultrasound Beams 

Figme 2 shows an embodiment of the probe ,28 that can be used to app,y mo 
m ultrasound frequencies to fite patien, The embodiment of fire probe m shown m 
Figure 2 is used to transmit ultrasound frequencies of approx,ma,e,y 2 MHz dunng 



diagnostic mode «o monitor Mood How and 200 kHz during a therapeutic mode «o enhance the 
thrombolytic action ofthe thrombolytic agent. ■ 

The probe 128 comprises two transducer elements, namely, a 2 MHz crystal 210 
and a 200 kHz crystal 2.2. A die.ec.ric .ayer 214 sepam.es me crysta.s 2.0 and 2.2. The 
S probe ,28 further comprises a damping .ayer 2.6 and a potting .ayer 2.8, with the dtunpmg 
layer 216 and .he potting .ayer 218 being disposed on fte driver-end of me probe .28. A 
matching layer 220 is disposed on the patient-end of .he probe 128. 

The embodiment of fte probe .28 shown in Figure 2 is Urns a "dual frequency 
stack" configuration in which the crystal 2.0 functions as a transducer having a bandwrdft 
0 rangeiuftevicini.yofZMHz. Direct.y behind fte crysfa. 2.0 is fte crys*. 2.2 mncttomng 
as a ttansducer having a bandwidth range in the vicinity of 200 kHz. Other frequency parrs 
besides 2 MHz and 200 kHz can be transmitted by choosing probes .28 having crysftfs wtth 
differen. frequency range, For example, a frequency pair of 100 kHz and 2 MHz or 
frequency pair of 1 MHz and 2 MHz can be transmitted. Farmer, different frequency parrs can 
,5 be ttansmitted by adding fte frequency ou.pu. of .he driver .34 such 

frequencies ofthe crys.aU 2.0 and 2,2 are shghtty varied from their respective 2 MHz and 200 
fcHz design frequencies. Thus, a frequency pair of 180 kHz and 2 MHz can be transmttfed. 

The cry*als 2,0 and 212 can have a diameler of 13 mm, atthough ofter 
diameters, no. necessarily equa, to each ofter, can be user, depending on tire desired foca, 
20 diameter of fte uttrasound beams 222 and 224. The probe ,28 shown in F.gure 2 ,s 

m ade for fte diagnostic and therapeutic uttrasound app.ica.ions descnbed herem and 
avai ,ab.e from Men, hrc. of Lebanon, hrdiana. Further, fte impedances of fte varrous 
exponents 2,0-220 of fte probe ,28 stack ean be designed wift ma,ching rmpedanees so as 
to maximize power transfer and to minimize ,osses between fte components. ^ 

As described above, fte probe 128 shown in Figure 2 can produce <wo 
uttrasound beams 222 and 224 having differen. frequencies and shapes. The therapeutic be*n 
222 having a ,ow frequency is transmttfed from the crysta, 2,2. The diagnostic beam 
having a high frequency is transmitted from fte crysta, 2,0. The diagnostic beam 2 4 has a 
narrower focus or beam shape of fte «wo beams in order ft optimize fte ,a,era, spatia, 
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region of the diagnostic beam 224. The therapeutic bean, 222 has a wider focus in order «o 
maximize the effective radiation area of the beam in the vicinity of a thrombose 

An alternative embodiment of the probe 128 is shown in Figure 3. Hus 
embodiment produces therapeutic and diagnostic beams 222 arrd 224, respectively, both havtng 
5 mesamefteouencyof2MHz(orother tel uency). The probe 128 comprises two transducer 
elements annularly arranged into a 7-mm diameter piston transducer element 310 surrounded 
by an annulus transducer element 312 having an outer diameter of .3 mm. This concentnc 
shape allows the probe 128 to be fired on both elements (,g., the piston 3.0 and tire annttlus 
3,2) and received on both elements when performing diagnostic measurements of blood flow 
,0 using the diagnostic beam 224. Only the piston 310 is fired when transmitting the therapeutic 
beam 222 a. 2 MHz. The piston 3.0 transmits a broader therapeutic beam 222 when activated 
as a sing.e element during tire therapeutic mode. When both Are piston 310 and the annulus 
312 are activated during Are diagnostic mode, tire two elements combined transmtt the 

narrower diagnostic beam 224. 
15 to summary, the embodiment of the probe 128 in Figure 2 can operate m two 

frequency regimes to transmit two u.trasound beams having different profiles. For tire 
alternative embodiment of the probe ,28 shown in Figure 3, the same fluency is transmuted 
by the probe ,28 for both diagnostic and therapeutic applications, bu, the configuration of the 
probe 128 allows the ultrasound beams 222 and 224 to a.so have two different shapes. As W.U 
20 be described below, Are fluencies, number of cycles, intensity, duty cycle, and resulting 
.empora. peak intensity for tire u.trasound beams 222 and 224 transmitted by both 
embodiments of theprobe ,28 can be varied in order to faciutate an optimum se, of parameters 
to enhance thrombolysis in a particular venue of the body. 
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Administering Therapeutic Ultrasound 

Embodiments of the invention administer therapeutic ultrasound to enhance the 
.ysing effect of a thrombolytic agent. Three mechanisms by which ultrasound can potentially 
enhance thrombo.ysis in tire prince of a thrombotic agent Hke ,-PA are: "cavitation" (the 
formation of a bnbbie via negative pressure, which can in turn cause ,oca,ized fluid motion, 
-streaming- and "nricmstreaming" (eonversion of propagating ultrasound energy tnto flutd 
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m „« io „ within M revere change of fibrin stiuCure. The ^ mechamsm 
decreases fibrin matrix flow .ta. and inches fibrin binding sttes for .-PA. The 
frequencies of fins therapeutic uttrasound ean be different for these different underiymg 

mechanisms. u^^^a 
5 A feature of embodiments of the present invention is that therapeutic ultrasound 

a, higher frequencies (eg., at 2 MHz) can be used effective* to enhance fluombolysis. Thts rs 
■ m direct congas, to conventions, approaches that have advocated me use of .ower frequence. 
Therapeutic uhrasound in flre present invention is administered in attending time penods wtth 
diagnostic uftrasound. The therapeutic time periods are generally long (-1 mmute), after 
10 wbTh diagnostic uftrasound is used for a brief (-4 seconds) period to monitor therapeutic 

PrOSreSS ' Additionally, pulsed ultrasound is performed in vivo at low power levels, such 
as » average intensity of 50 mWW or .ess, with an intensity .eve. and mode presume, to 
not induce cavitation or significant streaming. The use of .ow power .eve te is a.so m contiast 
,5 ,o .ow ftequency H.erature reports that exp.ore continuous wave u.tiasound at high power, u. 
vi.ro, and tha, do no. utiiize tianscrania, moni.oring and tieam.cn. ftom tire same probe 
Spatia. peak .empora. average uftrasound intensity .eveU for embodiments o the presen 
Jventil adhere .o indnsuy-agreed upon diagnostic .eve, .o no. exceed —cm tfus „ 
d era.ed measurement made in water), ft wifl be appreciated tha, an uftrasound beam wtth flu 
2 0 dera,ed imensfty in wa.er wi,. have a much ,wer intensity in me apphcation of *e — 
to me midd.e cerebra. artery. The .ower intensity .eve. is due ,0 reflection and at*— 
fca. occurs a. .he .empora. bone, in addition .o me atienuation .oss .hrough bram tissue. 
Rudiment cremations usmgbone att enuationof40dB/om«2MHz,b ra mti S auea««uation 
of 0.5dB/cm a, 2MHz, and assuming 3nun bone tiuckness and 5cm of brain tissue show 
25 resulting intensity to be less than 50mW/cm 2 . 

Administering Diagnostic Ultrasound 

Embodiments of the invention allow diagnostic ultrasound at 2 MHz to be 
administered concurrently with therapeutic ultrasound. T^e diagnostic mode of an 
embodiment of the present invention provides an information display in connecUon wrth 
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Dopp.ec unsound monitoring of blood How, soon as mat described in gteatet detail . ~- 
U.S. Patent AppUcation Seria, No. 09*90,402 entitied "DOPPLER ULTRASOUND 
METHOD AND APPARATUS FOR MONITORING BLOOD FLOW," fi.e4 Noven.bes ... 

1998, now pending and incorporated by reference. 
5 Fignre 4 is a graphical diagram depicting a firs, embodiment of a dtsplay mode 

„00 of Dopp.es ultrasound Urformation in accordance wilh one aspec, of Ore invention Tta 
display mode 600 is used in connection wilh aiming the probe ,28. fir mis dsspiay mode 600, 

602 depicts, widr color, blood flow away fiom and towards Ore uhrasound probe .28 a, vanous 

The depth-mode display 602 includes colored regrons 604 and 606. Each 
region is comred eimer red or b,ue, where red indicates flow towards the probe 128 and blue 
JLa.es flow away fiom me probe. The colored regions are no, of umform color, 
int ensi.y of color varying as a function of the detected intensity of the return Dopp,er 

" " Sig t e aisplay mode 600 can include a displayed specmo^am 608, wim Figure 6 
depicting a velocity envelope showing the characteristic systolic-diaslohc patient. Ldre tire 
Zh-nl display 602, Ihe spirogram 608 includes dati, poinls (no, shown, wtihtn .he 

20 me remm ultiasound signs,. The particular sample volume for which ,he spectiogram <« 
applies is a, a depdr indicaied in ,he depm-mode dis P ,ay 602 by .a dep,h ind,ca,or or porn^ 
Z m mis way, a user of me uhrasound apparatus ,00 ean convementiy see an 
particular depms a, which ,o measure me spectio^am 608. The dep. mode d.s P ay 
Ldily and convenien.ly provides me information concerning me range of appropnam depms 
25 at which a meaningful spectrogram may be obtained. 

As described above, me color imensily of regions 604 and 606 can vary as a 
motion of tire de,eo,ed intensity of me return ultrasound signal. Filleting .echoes, such «t 
e,„ tt er filtering, can aUo be utiUzed in order ,o avoid displaying spunous mfomm on 
associated witir signals ma, may be intense but low ve,oci,y (snob as ma, due ,o tissue motion, 
30 or with signals having low power (such as <ha, due to no.se). 
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While the embodiment of the depth-mode display 602 employs eolor intensity 
mapping as a function of signal intensity, and is further eolored red or blue aoeording to flow 
directions towards or away from me probe 128, those skilled in the art will appreciate that 
color intensity as a funetion of detected velocity may be employed instead. Those stalled m 
5 the art will also appreciate mat instead of varying color intensity solely as a function of stgnal 
amplitude, or solely as a Amotion of velocity, one could advantageous* vary eolor intenstty as 
a function of both signal ampiitude and velocity, or use some other data presentatton. 

The particularly depicted depth-mode display 602 shows a simplified display of 
a single, well-defined red region 604, and a single, well-defined blue region 606. Those skilled 
10 in the art will appreciate mat the number and characteristics of colored regions will vary 
depending on the placemen, and orientation of the probe 128. Indeed, a catalogue of 
characteristic depth-mode displays can be provided to assist the user in determining whether a 
particularly desired blood vessel has, in fact, been located. Once the user .finds the 
characteristic depth-mode display for the desired blood vesset, the user can then convemently 
15 determine the depth at which to measure the spectrogram 608. 

The display mode 600 enables the user to quickly position the ultrasound probe 
128 such as adjacent to an ultrasound window through the skull (or cranial region 121) so that 
intracranial blood flow can be detected. This procedure will be described later below wtth 
reference to Figures 9 and iO. Use of a colorized representation of signal amplitude is 
20 particularly advantageous for mis purpose, since a strong signal is indicative of good probe 
location and orientation. That is, the diagnostic beam 224 is well aimed as the color intensity 
increases with a volume of moving blood and with the speed of the blood, which as a general 
rule occurs when the diagnostic beam is centered on the blood flow. 

Figure 5 shows a second, alternative embodiment of a display mode 700, which 
25 is to be viewed in conjunction with an anatomical schematic of the cranial region 121 of 
Figure 6 The display mode 700 has particular usefulness when viewing blood flow m the 
cranial region 121 (eg., a patien, suffering from a shoke), although the embodiment shown tn 
Figure 4 can also be used. Unfike the display mode 600, the display mode 700 onty includes 
the depth-mode display 602 and does not have a spectrogram 608. By expanding the depth- 
30 mode display 602 to fill .he entire display and eliminating the spectrogram 608 (which requires 
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greater skill .o understand than does .he depth-mode display), a simplified user interfaee is 
provided for observing middle eerebral eireulation by entergeney room personnel who do no. 

have expertise in ultrasound. 

Simultaneous observation of multiple vessels in the middle eerebral eirculatton 
5 is possible win, the display mode 700. For example, in Figure 6 tttere are tttree vessels aligned 
wi* me axis of me diagnostic beam 224: me right middle cerebral artery (RMCA), me ngh. 
an.erior eerebral artery (RACA), and the left anterior oerebra! artery (LACA). Figure 5 shows 
three regions 710, 7.2, and 714, similar .o the regions 604 and 606 shown in the display mode 
600 of Figure 4. The regions 710, 712, and 714 represent blood flow in the RMCA, RACA 
,0 and LACA, respectively, a, various depots along me beam axis of me diagnostio beam 224 
For instance, the region 7.0 shows Wood flow in the RMCA a. a 50-mm gate depth, centered 
along the pointer 609. Similar ,o the regions 604 and 606, me regions 710, 712, and 714 have 
red or blue colors of varying intensities to represent signal intensity, blood flow veloctty, a 
combination of both, or some other representation of data. 
, 5 Thus, a color m-modc Doppler allows a user to view blood flow at all depths 

along tire beam axis concurrently, rather .ha. a, one depot a, a time. This advantage over 
single-gate Doppler instruments shortens the time to locate a window through .he temporal 
bone through which Are flow ofblood may be observed. Further, blood flow ma. may be 
missed due to incorrect gate depth setting for a single gate Doppler will no. be missed by the 
20 display mode 700. Additionally the m-mode is used for localizing occluded vessels where 
only signals in the region surrounding occluded vessel are appreciated. 

System for Combined Diagnostic and Therapeutic Ultrasound 

Figure 7 is a functional block diagram that deplete an ultrasound system 910 in 
25 accordance with an cmbodimen. of the invention. The ultrasound system 9,0 ptoduces ttte 
various display modes 600 and 700 described above in connection with Figurea 4 and 5 on an 
integrated flat panel display 912, or other desired display forma, via a display interface 
connector 914. The signal-processing core of ttte Doppler ulteasound system 910 ts a 
diagnostic pulse Doppler circuit 9,6 and a therapeutic pulser circui, 918. During ttte 
30 diagnostic mode, on,y the diagnostic pulse Dopp.er circui, 9,6 is enabled. Dunng .he 
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„.ic mode, the diagnostic pulse Dopp,er circuit 916 and the therapeutic pulser circut, 
STTw, be enabled a—us,, The Dopp.et probe ,28 is coup.ed ,0 Ore .agnostic 
pnUe Applet 9.6 and therapeutic puiser circuit 918. By providing both the th^otftc pufce 
Cp.«I therapeutic pu,ser circuits 9,6 and 9.8, the u.traaonnd system 9W can sw*ch 
, Lreen^osepamtemc.es^.ama.nosUcmc.eandamer^udcmcde). rtredtagno* 

pu.se Dop P .er circuit 9.6 receives me uhrasound signal detected by the probe .28 and 
^LsIU.snddataprocesamgopemtions.aswiUb.dcscHbedindemUbe.ow^^ 

L transmitted to a genera.-purpose bos, computer 924 drat provides data storage and *£. 

A snitab.e bos, computer 924 is a 200 MHz Feodum processor-based system havmg d,s lay 
,0 keyboard, interna, hard disk, and externa, s,orage con«ro«ers, aUhough any of a vane, 
10 Keyooaru, m „i„ ved while this embodiment unities 

suitab.y adapted computer systems may be employed. Whale 

ahernating applications of diagnostic and <herapeu,ic u.trasound, one skrUed m me «, wd. a.so 
!Zia,e 1 me invention may Mao be practiced using simuUaneous apphcations of 
H and therapeutic uhrasound if me diagnostic receiver can differentia* drastic 

15 "nr: I^.Oa^pmvidea^.erandioon.msi^v.aand.o 
speakers 926, as we., as via audio tinea 928 for srorage or for ou„u, via - , aUernative medmm 
I ult raso„nd system 9,0 aiso ine.ndea a microphone 930 for receip, of audrb e — n 
tapu , by dre user. This information can men be output for externa, storage or p.ayback ™ 

20 ZZl™. Tbeuaerm.erfaceswimmeu.^undsya^^Opr^.yvia.keyhoaMor 

ol herremo«empu,eonrro.uui,934co„p,edwimmeho S .com P u.er924^ 

As mentioned previously, operation of me uhrasound system 910 may be 
performedau,omatica.,ybypmgran m mgmehostcompu«er924 to perform S uchUskssuehas 

25 ^dlbe.ovv.aprohemhaving.p.ur^ryofti^ue.e.em^a^man^ 
lbeused,o.oca,ea„op,ima.probep 0 sitionfor«rerapeuticu.tiasou»d. The bos, compter 

92 4 can be prog^mmcd with suitab.e pattern recognition software to take advantage of such 
^.A^.^-optima.windowforadmmis.eringme— — 
9Z4 switches to therapeutic mode and administers tire therapeutic uhraaound. Adddtona, 
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programming of the host computer 924 for automated operation of the ultrasound system 910 

is well known in the art. 

Figure 8 depiets particular details of the diagnostic pulse Doppler and 
therapeutic pulser circuits, hereinafter also referred to as the "combined pulser circuit" 916. 
Figure 8 also depicts details concerning the input and output of audio information to and from 
the ultrasound system 910 via the microphone 930, the speakers 926, and the audio output Imes 
928 and 932, the operations of which are controlled by the diagnostic pulse Doppler ctrcur. 
916 

At the probe 128 input/output stage, the master pulse Doppler circuit 916 
includes a transmit/receive switch circuit 1010 operating under control of a timing and control 
circuit 1012 The particular timing of operations by the diagnostic pulse Doppler errant 916 
and the therapeutic pulser circuit 918 are controlled by the timing and control circuit 1012 of 

the diagnostic pulse Doppler circuit 916. 

The timing and control circuit 1012 also controls operation of a diagnostic 
transmit circuit 1014 (on the master card) that provides an output drive signal that causes the 
probe 128 to emit the pulsed, ultrasound diagnostic beam 224 during the diagnostic mode. The 
timing and contro. circuit 1012 further controls operation of a therapeutic transmit circutt 1014 
that provides an output drive signal to cause the probe 128 to emit the pulsed ultrasound, 
therapeutic beam 222 during tire therapeutic mode. The timing and control ctrcu.t 176 
additionally controls an analog-.o-digi.al converter circuit 1018 coupled «o .he transmi«/rece,ve 
switch 1010 by a receiver circuit 1020. The function and operation of circuits 1010-1020 are 
well known to those skilled in the art and need not be described further herein. 

The primary signal processing functions of the diagnostic puise Doppler court 
916 are performed by four digital signat processors P1-P4. PI is a, the ftonf end and receives 
> digitized transducer data from the receiver circuit 1020 via the analog-.o-digr.al converter 
circuit 1018 and a data buffer or fim.-in-fira.-on. (FIFO) circuit 1022. P4 is at the back end 
and performs higher level tasks such as fina. display prepamtion. A suitable digital signal 
processor for PI is a Texas Instruments TMS320LC549 integer processor, and surtable dtgttal 
signa. processors for P2-P4 are Texas Instruments TMS320C31 floating point processors, 
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afthough other digfta. signa, processing circuits may be employed «o perform substantia!* me 
same ftmetions in accordance with embodiments of the inventton. 

Received ultrasound signals are first processed by the digita. s,gnal processor 
P, and men passed through the rigna,-processing pipeline of the digita. signal processors P2^ 
, P3andP4 As described in greater detail in co-pending U.S. Patent Application Serial 
N o 09/190,402 identified above, the digita. signal processor PI construe, 4 uadmture vectors 
froin the received digital dam, performs filtering operations, and outputs Dopp.er shift stgnais 
associated with 64 different range gate positions. The digita. signa. processor P2 performs 
Cutter cancellation a. a., gate depth, The digital signa. processor P3 performs a variety of 
0 calculations, including autocorrelation, phase, and power captions. P3 aUo prov.de, 
reparation of me quadrature dam for stereo audio output. The digita. srgna. processor 
performs most of the emulations associated with the spectrogram display and also prepares 
fiualcalculationsassociatedwithpreparationofthedisplaymodesSOOorTOO 

Each of me digfta. signa. processors P1-P4 is coupled with the host computer 
,5 924 (see eg, Figure 7) via a host bus 1024 and con.ro. dam buffer circuitry, such as 
corresponding HFOs ,02«0) - 1026(4). This buffer circuitry aftows imfiahza fion and 
pro grl .ceding of ,he digfta, signa, processors P1-P4, as we., as other op— 
communications between ftre digita, signa, processors P.-P4 and the bos, computer 924. Each 
of the digita. signa. processors P.-P4 is coup.ed wfth an associated high-speed memory or 
2 0 SRAM ,028(1) - ,028(4), which function as program and dam memories for the associated 
si ^a, processors. If die digital signa, processor PI has sufficient internal memory, no 
program and data memory SRAM .028(1) neeo be provided. Transmission of dam fiom one 
S, signa, processor ,o the ne, is provided by intervening dam buffer or FlFO^ircmtry 
,030(2) - .030(4). The uUrasound data processed by the digfta. s,gna, p~ P4 
25 provided to me hos, computer 924 via data buffer circuitry such as a dual port SRAM .032. 

to Figure 8, the digital signa, processor P4 of the diagnostic pulse Dopp.er 
cir c„i, 9.6 also processes audio input via the -microphone 930 (which may be coupled .o an 
amplifier .036), as we., as controlling provision of the audio output signals ,0 me speakers 926 
and audio output lines 928, 932. P4 controls the audio output signals by conholhng operahons 



16 



of an audio con«ro, circuit .034, which receives audio signal mom hod, ,he diagnostic puise 
Dopplerandthetherapeuticpul S ercircuita916and918. 

As mentioned above, tire cbcui, shown in Figure 8 .nay be embodted tn «wo 
aepara.e eards (,,, a mas«er card and a slave card, hu, has bee. combined in Figure 8 for 
, simplicUy of illusbation. Where «wo separate cards are employed, rhe master card h* 
ILbany an of me e.emems shown m Figure 8 except for the tirerapeuuc bansnu, .rem 

1 eonbo, infotmation from me timing and conbo, circuit .0,2 on me master card, and 
itself coupled to the host computer 924 via the host bus 1024. 
0 h, operation, me diagnostic pulse Dopp.er circuit 9.6 is enabled drurng m 

.agnostic mode to bansmi, me diagnostic beam 224, and men «o process and display me blood 
J nformalion. The merapenbe pulser eireui. 918 is no, enabled during *e « 
mode The timing and conbo. circuit .012 is operable to switch the uhrasound system 9.0 
SJTUL me diagnostic and merapenbe modes, such ma, the bom rhe iagnosbc 
„ Peppier circuit 916 and me therapeutic pulser circuit 918 can be enabled dunn g ti,e 
" ^mode. m ti,e therapeubc mode, timing and conbo, circm, .012 

operation of me merapenbe bansmi, circuit .016 in order ,o bansmi, me merapenbe beam 22, 

Locating Temporal Windows and Aiming 

Figure 9 il.usba,es another embodimen, of a probe 128 ,o be used in combnung 
20 diagnostic and .hetapeubc nlbasound for enhanced thrombolysis. For , his embodimen,, tite 
Zosticandmerapeutiencuenciesarchesame. The user is grven tire abthty ,o locate * 
Zral window by selecting from a plnralily of bansduccr demon* 1.12 arranged m an 
Z w bich —a,, cover me lempora, bone region, ratiter man havnrg . mpc^bon a 
single probe comprise, of two bansduccr elements, as previously desonbed w«h resp«, m 
25 F ies2and3. m Figure 9, ahexagona. region ,1.0 is denned as me 

oLucer The region 1.10 is comprised of .28 e,uila,eral biang.es, m,ersec«ng a, men 
n „14. BaeLang-eisabansdueerCemen,..., The ,28 bianguiar ban^nc. 
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- * a tw thp region 1110 can have any number of 
territory However, it will be appreetated that the regton 

, . tmbvmcreasing or decreasing the overall size, or ehangtng the stze of 
trtangttlar elements U2 „ nl2 „ accompli shed 

and 3, there are a plurality of equilateral triangle clemenls to eonh.l-.2S elements 
present example-and utilize in hexagonal groups of stx. 

A group of six hiangnlar .ransducer elements (e g., fte mangles 37-39 and 55 
form . h _, area 1. 16 from whieh the diagnostie beam 224 is initially emitted. The 

vertices of the hexagonal area 1116 are approximately 11 mm. The 11 mm 

vertices oi & havine a similar diameter of 11 

hexagonal area 1116 is compatible with a ctrcular probe 128 havtng s. 

„ I, will be appreciated tha, other sizes for the hexagonal areas may he se.ec.ed 

^^^^Z:^7^ of „ _ the heigh, of the 
With the hexagonal area 1116 having aw 

hexagon.regionmOlaapproximate^Smm ^ -^^T^ 

hexagonal region 1110 have lengths of approxtmately 33 mm, and ,«s dtag 

20 axis which includes a centra, point U.S of the hexagonal area 1116. ™" 

lage of the blood flow a.ong ma. axis is displayed, for examp,e, in me dtsplay mode m 

• , Ascribed If me image is unsatisfactory, mdicatmg a poor temporal 
which was prevtously descnbed. If me . g ^ ft * ^ 

window, then the diagnosdc beam emanatmgftompom.il 18. Bvatlittinglhe 

^ „^; nt 1 1 on triangular elements 39-41 ana d / oy, wi^ 

25 diagnostic beam from the point 1 izu, mangu 

hexagonal area 1122, now become active. he 
An advantage of relocating the beam axis to the adjacent point 1120 is that the 

, 1 122 will include or overlap, triangular elements 39 and 57 from the prior 
hexagonal area 1122 will include, P ^ ^ 

hexagonal area 1116. By overlapping the active triangular 

30 the diagnostic beam from one adjacent point to another, the cranial region 121 can 
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adhered with me diagnostic beam in order to find «he best .empora, wmdow 
I iafnly, by overling biang.es of adjacent hexagonal areas, a >cxe, fenee effec, 
L there are gaps between Dopp.er images is avoided. Onee rbe best .empora, wmdow ,s 
^memerapeuriebeamisb^smitredfrommesamehexagor^iregron. 

mother embodiment of a probe 128 is iUustrated ,n F.gure 10. Tb,s 
' enb odime„, ,s aimfiar to me probe H,usb*ed in Figure 9, exeept ma, 

^ucer elements 11.2 arranged in a bexagona, region ...0, me pmrahty of tracer 
eUments are arranged in a po, y gona, region ,2,0, where -* of me squares a 
ma^ucer element ,212. The square e,emen«s .212 are joined together a, a p.ura, <y of pom. 
0 ^ The dla*ros,lc beam is radiated from a square region .2.6, defined by fire achvaKd 
, !\o 31 and 43^4, and eentered about the pom, ,2.8. Like before, .he 
S^T w se.^ re,ocat. to an adjacent point ,220, - « .e 

i -19 and 44-45 of a square region 1222, tor 

uttrasound beam is emitted from square elements 31-32 and 44 45 o 

examp.e. The square Cements 3, and 44 form the overling regtons wtth me mttta, square 

" re ^' 216 ' The embodiments of the probes ,28 shown in Figures 9 and ,0 fiuttre, ine.ude 
, h e capabffity of steering the beam emanating fiom a pariieu,ar point „,8 or ,2,8 by 

fcc, that the b,ood flow and me beam center (1,18 or 12,8) do no, necessary be on an ax. 
20 Xd.cu.ar to me transducer face. Such a melbod of steering me uftrasound bea. , w. 
LLood to one sxifleo in the art, and a more detafied exp,anafion has been omttted m the 

""I: bos, computer 924 may be proved to carry ou, me procedure 
pI evious,y described using me probe ,28 ifluattated in Figures 9 and ,0. Automating me 
25 ritttt system in such a fashion aflows use,, resuhs ,„ be obtained by those who are n« 
Led expL in uftrasound. As mention* previous,,, the boa, compu er may * 
pmgrammed with conventiona, patten, recognition software to interpret the resmttng 
La^me b,ood ftow and delermine an optima, .empora, window. Afler .ocaftng ft, 
oXa, window, me host computer 924 administers pu,sed uftrasound in a merapeufc 
30 lough automation of .he uftrasourtd system has been described w,th respee, 
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administering diagnostic and therapeutic u.trasound in transcranial applications, it will be 
appreciated that a compute, controlled ultrasound system may be applied to cardiac and other 

physiological systems as well. 

The above description of illustrated embodiments of the invention ts not 
5 intended to be exhaustive or to limit the invention to the precise forms disclosed. Whi.e 
specific embodiments of, and examples for, the invention are described herein for Ulustrative 
purposes, various equivalent modifications are possible within the scope of the invention, as 
.hose skilled in the relevant art will recognize. For instance, while specific frequencies have 
been identified throughout the description, embodiments of the invention can be prachced 
,0 using other fluencies. Further, the various parameters that determine the effectiveness of me 
combined diagnostic and therapeutic ultrasound may vary from one patient «o another. 
Therefore, it is possible that a given frequency of the therapeutic beam 222 is more effective 

for one patient than it is for another patient. 

These and other modifications can be made in light of this detailed descnption. 
15 Accordingly, the invention is not limited by the disclosure, but instead the scope of the 
invention is to be determined entirely by the following claims, which are to be construed m 
accordance with established doctrines of claim interpretation. 
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